INTRODUCTION
Many of the-breakdown products and metabolites of membrane lipids function predominantly in signal transduction as agonists or as second messengers, which remain in the plane of the membrane, are released into the cytoplasm, or are released out of the cells. These include diacylglycerol [1, 2] , inositol phosphates [3, 4] and arachidonic acid (AA) metabolites [5] . A further addition to this growing family of biologically and physiologically active lipids has emerged from studies of alkyletherglycerolipid metabolites. Platelet-activating factor (PAF; l-O-alkyl-2-acetyl-sn-glycero-3-phosphocholine) was originally described as a product released from activated basophils, and was then detected in a variety of inflammatory and immune-related cells, e.g. polymorphonuclear leucocytes (PMN), monocytes, macrophages and platelets [6] . PAF is also produced by isolated rat kidney cells [71 cultured human endothelial cells [8, 9] , rabbit lung [10] and perfused guinea pig heart [ [14] . Endothelialcell-associated PAF mediates the adhesion of PMN [15] . Neuronal tissues contain biosynthetic activity and specific receptors for PAF. Neurotransmitters stimulate PAF formation in the chick retina [16] , and PAF exerts electrophysiological effects in that tissue [17] . PAF inhibits the release of hypothalamic hormones from the median eminence [18] , and it also stimulates prolactin release from anterior pituitary cells [19] . In addition to being produced by these cell types, PAF was shown to be present in the saliva [20] , blood and urine [21] of normal humans. Soling and his colleagues [22] reported that, in exocrine glands such as the parotid glands and the pancreas of guinea pig, the incorporation ofradioactive acetate or 1-O-alkyl-2-lyso-sn-glycero-3-phosphocholine (lyso-PAF) into PAF increased on stimulation of the acinar cells. PAF also stimulated amylase release from lobules of both exocrine glands [23] . In our laboratory, the role of cyclic nucleotides, prostaglandins, peptides and yaminobutyric acid as second messengers or modulators in stimulus-secretion coupling have been studied in adrenal chromaffin cells and salivary glands [24] [25] [26] . To ascertain whether PAF may function as a messenger for signal transduction in these secretory cells, the present study investigated the capacity for PAF synthesis and degradation and the regulatory role of Ca2+ in isolated dog submandibular gland cells. Some of these results have been presented in abstract form [27] .
MATERIALS AND METHODS

Reagents
The following reagents were obtained as indicated: [ Abbreviations used: PAF, platelet-activating factor (l-O-alkyl-2-acetyl-sn-glycero-3-phosphocholine); lyso-PAF, l-O-alkyl-2-lyso-sn-glycero-3-phosphocholine; GPC, glycero-3-phosphocholine; PMSF, phenylmethanesulphonyl fluoride; AA, arachidonic acid; DTT, dithiothreitol; PMN, polymorphonuclear leucocytes; ACh, acetylcholine; LDH, lactate dehydrogenase.
* To whom correspondence should be addressed. (15,uM) , phosphocreatine (1.2 mM) and creatine kinase (15 units/ml); c and d, BN 52021 (0.4 /M and 0.8 /SM respectively); e, methanol/0.5 M-NaOH; f, phospholipase A2; g, phospholipase C; h and i, acetylation of e and f respectively; j, control; k, indomethacin.
Cell preparation
Mongrel dogs of either sex weighing [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] kg were anaesthetized with pentobarbital, blood was drawn from the abdominal aorta, and the submandibular glands were removed. Isolated cells were prepared by the procedure described by McPherson & Dormer [28] 40-1101ug of DNA/ml. The cell suspension was divided into plastic tubes (3 ml in each). The cells were preincubated for 10 [30] . The chloroform layer was removed and dried under N2. The recovery of PAF was assayed using [3H]PAF. Some PAF samples purified by t.l.c. were analysed by h.p.l.c. H.p.l.c. was performed using a TOSOH CCPE model system fitted with a silica column (4.6 mm x 25 cm) and a mobile phase of acetonitrile/methanol/water (6:3: 1, by vol.) at a flow rate of 1.4 ml/min. Samples were collected every 15 s, and each fraction was lyophilized. Lyso-PAF was acetylated by treatment with acetic anhydride in pyridine and extracted as described above. H.p.l.c.-purified PAF was dissolved in methanol. Samples were mixed with methanol/0.5 M-NaOH (1:1, v/v) and stirred at room temperature for 60 min or mixed with Tris-buffered saline (pH 8.0) and incubated with phospholipase A2 or phospholipase C at 37°C for 30 min as reported [31] . The samples were acidified and extracted as described above and a portion of the sample was acetylated. For the PAF assay, samples were dissolved in saline supplemented with 0.25 % BSA and 4 mM-Hepes (pH 7.4) and submitted to bioassay.
PAF assay
Rabbit blood (9 vol.) was collected in 0.5 % NaCl (1 vol.) containing 60 mM-EDTA (pH 7.4). The washed platelets were prepared according to reported procedures [32] . Platelet aggregation was assayed in the presence of indomethacin (15 uM), phosphocreatine (1.2 mM) and creatine kinase (15 units/ml) using a dual-channel aggregometer. The amount of PAF equivalents generated by dog submandibular glands was measured by aggregation assay and was expressed in fmol or pmol/mg of DNA. A standard curve for aggregation versus standard PAF concentration was prepared for each experiment. DNA concentrations were measured according to Labarca & Paigen [33] .
Determination of lyso-PAF acetyltransferase and dithiothreitol (DTT)-insensitive cholinephosphotransferase Incubations were terminated at the time points indicated by the addition of 10 vol. of an ice-cold sucrose medium (0.25 Msucrose solution containing 1 mM-DTT, 2 mM-EDTA and 10 mmTris/HCI, pH 7.4). Cells were settled by a brief centrifugation (700 g for 50 s) and added to 500 ,ul of sucrose medium, and then immersed in liquid N2 until all incubations were terminated.
After thawing, the cells were homogenized and centrifuged at 12000 g for 10 min. The resultant supernatants were used for the enzyme assays. The acetyltransferase assay was carried out as reported [34] [36] . RESULTS 
Characterization of PAF from submandibular gland cells
After incubating the cells with ACh (100 uM) for 10 min, lipids were extracted into chloroform/methanol (1: 2, v/v) as described in the Materials and methods section. Cell viability was checked by Trypan Blue exclusion or by measuring the release of cellular LDH. After the incubation period, cells were more than 80% free of Trypan Blue, and less than 6 % of the total of LDH was present in the medium. The responsiveness of the cells to neurotransmitters was also shown as follows: [14C]glucosaminelabelled mucin release was increased from 2.3 + 0.1 % to 5.5+0.3% and to 11.9+0.8% of the total cellular mucin by 10 /tM-noradrenaline and 10,tM-ACh respectively. T.l.c. of the extract revealed the presence of platelet-aggregating activity in two fractions (Fig. 1) . The platelet aggregation of one fraction was due to AA, since the RF value of the fraction corresponded to that of authentic AA, and platelet aggregation was eliminated by treating the platelets with indomethacin. Activity in another fraction corresponding to the RF of authentic PAF was eluted from the h.p.l.c. column as a peak with a similar retention time to that of authentic PAF (Fig. 1) . Platelet aggregation induced by the h.p.l.c.-purified sample was not halted by the treatment of the platelets with indomethacin or an ADP-scavenger system, but was antagonized with the PAF antagonist BN 52021 (Fig. 1) . The samples were further characterized by a base-catalysed methanolysis or by enzymic hydrolysis with phospholipases. The platelet-aggregating activities were lost in the samples treated with methanol/NaOH, phospholipase A2 and phospholipase C, and the activities of the two former samples were restored by acetylation (Fig. 1) . Similar results were obtained using authentic PAF (results not shown).
The formation of PAF induced by ACh was dose-dependent and the effect ofACh was antagonized by atropine and to a lesser extent by pirenzepine (Fig. 2) . Other muscarinic cholinergic agents, muscarine and carbachol, also stimulated PAF formation, but isoprenaline did not (results not shown). The time course of PAF formation induced by ACh in dog submandibular gland cells is shown in Fig. 3(a) . A negligible amount of PAF was found in unstimulated cells, but ACh caused a rapid increase in PAF formation with a peak effect at 2 min after the addition. The increased levels of PAF lasted throughout the 30 min incubation, and then declined. When atropine was added to the incubation medium at 10 min after the addition of ACh, the Fig. 4 , the cells protein respectively. Acetyltransferase activity rapidly increased with ACh, approaching the maximal level 15 s after stimulation. ACh activation of acetyltransferase was attenuated quickly to the non-stimulated level after a 5 min incubation. Ionomycin induced the activation of acetyltransferase, but the onset of the activation was slower, and the duration longer, than the AChinduced changes. Cholinephosphotransferase activity was also activated by ACh to a greater extent than that of acetyltransferase. The activation was transient.
DISCUSSION
Stimulation of muscarinic cholinergic receptors of the dog submandibular gland cells provoked the production of PAF-like material. PAF was identified on the basis of the lipid natures on t.l.c. and h.p.l.c., chemical and lipase treatments, and its biological characteristics in platelet activation, though the molecular species of PAF has not been identified. PAF can be synthesized by either a remodelling or a de novo pathway. The former pathway is Ca2+-dependent and responsible for the synthesis of PAF during stimulus-mediated cell activation. The latter pathway is present in many cell types and has the capacity to produce PAF without stimulation, and is independent of Ca2+ [37] . The present study indicates that dog submandibular gland cells possess the two enzymic activities able to synthesize PAF, and that both activities can be stimulated by the addition of ACh. In addition to the Ca2+-dependency of the effects of ACh on PAF synthesis, the evidence of direct stimulation of PAF synthesis by and acetyltransferase appear to form the 'trunk' of the PAF biosynthesis pathway. Since certain phospholipase A2 enzymes require Ca2+ for full expression of their enzymic activity [38] , extracellular Ca2+ may be important in the generation of lyso-PAF. Although the specificity of mepacrine and pbromophenacyl bromide as inhibitors of phospholipase A2 has been questioned [39, 40] , the present observations that these compounds inhibited Ca2 -stimulated PAF synthesis in digitonin-permeabilized cells agree with this hypothesis. However, ACh failed to stimulate PAF synthesis in the absence of extracellular Ca2+, even though ACh still stimulated the liberation of [14C]AA. These results may suggest that the substrate, lyso-PAF, is not available without Ca2+. Another possibility is that the supply of precursor alone is not sufficient, and the concurrent stimulation of acetyltransferase is required for ACh stimulation of PAF synthesis. From the extensive studies in platelets, PMN and macrophages, the role of acetyltransferase as the limiting step has been suggested. In these cells, a phosphorylationdephosphorylation mechanism is proposed for regulation of acetyltransferase activity [37] . The involvement of extracellular Ca2+ in the enhancement of acetyltransferase activity by various stimuli has also been demonstrated [41, 42] . Domenech et al. [43] reported that carbamylcholine and A23 187 both stimulated acetyltransferase in exocrine secretory glands, and that this stimulation was due to the activation of acetyltransferase by acetyltransferase [44] . In these cells, only phorbol esters stimulate cholinephosphotransferase without affecting acetyltransferase activity. Cholinephosphotransferase in chick embryonic retina has been shown to be activated by ACh and dopamine, and this activation was not accompanied by the activation of acetyltransferase, whereasA23 187 activated only acetyltransferase in these cells [16] . Thus the transcholination pathway mediates neurotransmitter-stimulated, but not A23187-stimulated, PAF production in chick retina. In contrast, both acetyltransferase and cholinephosphotransferase are concurrently activated in submandibular cells stimulated with ACh. However, whether or not the transcholination pathway is involved in ACh-stimulated PAF synthesis in submandibular gland cells has yet to be determined, because it is known that Ca2+ is an inhibitor of, as opposed to being required for, cholinephosphotransferase activity [45] . PAF is inactivated by a cytosolic acetylhydrolase. PMSF, a serine hydrolase inhibitor, has been shown to inhibit acetylhydrolase [46] . The marked acceleration of PAF accumulation caused by inhibiting acetylhydrolase with PMSF and the quick removal of accumulated PAF after blockade of ACh action with atropine suggest that PAF synthesis and hydrolysis are taking place quite rapidly in stimulated cells and also in nonstimulated cells in which PAF levels are almost undetectable without inhibiting hydrolysis. It is apparent from this evidence that PAF could not be stored in the cells. Thus the amount of PAF is the balance of its synthesis and the hydrolysis. However, the time course of the increase in PAF synthesis stimulated by ACh is not parallel with the activation of acetyltransferase or cholinephosphotransferase; the former lasts throughout stimulation but the latter two events are quite transient. Therefore the stimulation of PAF synthesis could not be simply explained by the activation of acetyltransferase or cholinephosphotransferase. Ninio et al. [47] reported the regulation of acetyltransferase by an enzyme-substrate imbalance in PMN. Such a mechanism, one that supplies a large amount of lyso-substrate, would result on the one hand in the inhibition of acetyltransferase, and on the other hand in an increase in PAF formation. This mechanism may help to explain the present discrepancy between the time course of the activation of the enzyme and the formation of PAF. Gomez-Cambronero et al. [48] reported that Ca2+ is necessary but not sufficient on its own for PAF release in neutrophils, and the co-ordinated actions of receptor-coupled G-proteins and other parameters are also required. On the other hand, it has been shown that the accumulation of PAF in mature macrophages is regulated by acetylhydrolase [49] . We have further addressed the question of how cellular PAF levels are controlled in such cases.
Soling et al. [23] have reported that PAF stimulated the secretion of amylase from isolated guinea-pig parotid glands and exocrine pancreatic lobules. PAF stimulates mucin release of explants of rodent airways in organ culture [50] . We have recently observed that the muscarinic cholinergic system, via a Ca2+-dependent mechanism, plays a primary role in mucosecretion in dog submandibular glands (different from the case in other species, where mucin secretion is mostly mediated by an adrenergic ,-receptor/adenylate cyclase system [51] ). Thus the effect of PAF on mucin release from dog submandibular glands has been examined, but neither 1-O-hexadecyl-or 1-0-octadecyl-2-acetyl-sn-GPC affected basal or ACh-stimulated mucin release (T. Dohi, unpublished work). PAF is thought to be released from the cells in which PAF is produced on stimulation and exerts the autocrine or paracrine actions by interacting with its specific receptors on the cell surface. On the other hand, it has become apparent that a significant proportion of the PAF synthesized upon activation remains inside the cell in many cell types [51] . Thus different types of roles for PAF can be proposed: intracellular roles such as participation in the alkylacyl-GPC cycle, membrane-active properties, and intracellular messenger roles [52] . The present study showed that the PAF synthesized due to stimulation of intact submandibular gland cells is retained within the cell, some associated with the membrane and the rest released into the cytosol. The evidence that PAF was released into the incubation medium in digitoninpermeabilized cells further suggests that PAF can move from one site to another within the cell. The occurrence of PAF-specific transfer proteins in the cytosol [53] and receptors for PAF at intracellular sites or even on the inner leaflet of the plasma membrane [52, 54] have also been suggested. These possibilities favour the concept of PAF as an intracellular messenger. It has been demonstrated that protein kinase C is activated by PAF in an enzyme-translocation-independent fashion in rabbit platelets [55, 56] . PAF receptor antagonists inhibited stimulation-induced eicosanoid generation by cultured endothelial cells and by macrophages [57] [58] [59] , and blocked the rise in the intracellular Ca2+ concentration induced by opsonized particles in human neutrophils [60] . This evidence suggests that PAF can act as an intracellular messenger in these cells. Na+-K+-ATPase is located on the basolateral membrane of salivary glands and controls ionic transport during secretion. PAF has been reported to inhibit the Na+-K+-ATPase of the red blood cell membrane [61] . It is also reported that PAF stimulates or inhibits Na+-Ca2+ exchange [62, 63] and affects Ca2+-lipid interactions in phospholipid vesicles [64] . Although the role of PAF in dog submandibular gland cells has yet to be discovered, the possibility that PAF may have intracellular activities for controlling cellular functions remains to be determined, since Na+-K+-ATPase, Na+-Ca2+ exchange and Ca2+-lipid interactions may be important in the function ofacinar cell homeostasis and stimulusresponse coupling. These results provide further evidence that the dog submandibular gland has a receptor-coupled PAFmetabolizing system in which PAF undergoes rapid synthesis and hydrolysis upon stimulation of the cells. This tissue may be a useful model in studying the mechanism that regulates the synthesis and degradation of PAF, as well as its intracellular activities.
